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P-selectin–dependent macrophage migration into the tubulo- Leukocyte infiltration is one of the major factors in the
interstitium in unilateral ureteral obstruction. induction and progression of tubulointerstitial nephritis.
Background. Interstitial infiltration of macrophages (Mø) is Molecular mechanisms of leukocyte infiltration, includ-one of the main causal factors for the tubulointerstitial injury.
ing the roles of adhesion molecules and several cytokinesHowever, precise mechanisms of Mø infiltration into tubulo-
[1–4], have been extensively studied. Among the infil-interstitium have not been fully explored. The purposes of this
study were to assess the role of selectins in the acute infiltration trated leukocytes, macrophages (Mø) are the main cause
of Mø in rats with unilateral ureteral obstruction (UUO) and of induction and progression of interstitial damage and
to evaluate the role of vasa recta, that is, whether they facilitate fibrosis through synthesis of several cytokines and matrixmassive influx of Mø into the interstitium by functioning as
proteins such as fibronectin and type I collagen. However,specialized vessels.
it is not known how leukocytes migrate into the intersti-Methods. To evaluate the role of selectins in Mø infiltration
into tubulointerstitium, the expression of selectins and L-selec- tium. One possibility is that the interstitium is endowed
tin ligands was examined by immunohistochemistry and im- with specialized vessels, similar to the high endothelial
munoelectron microscopy. The functional role of P-selectin
venules (HEV), which in the peripheral lymph nodes fa-in vasa recta was studied by Stamper-Woodruff assay, in vivo
cilitate the large-scale influx of lymphocytes [5]. Regard-p-Mø migration assay and in vivo blocking experiments with
the monoclonal antibody (mAb) ARP2-4. less of the nature of the initial stimulus inducing tubulo-
Results. Selective expression of P-selectin was detected in interstitial nephritis, leukocytes migrate preferentially
vasa recta as early as one hour after UUO, and the expression into the outer medulla compared to the cortex or the
increased thereafter for 96 hours. In contrast, endothelial ex-
inner medulla [6, 7]. This suggests the existence of spe-pression of L-selectin ligands and E-selectin were not detect-
cialized venules in the outer medulla. Renal ascendingable. In the Stamper-Woodruff assay on kidney sections of rats
with UUO, the adhesion of isolated rat peritoneal Mø (p-Mø) vasa recta, which form vascular bundles in the medulla,
to vasa recta was significantly inhibited by the mAb ARP2-4 seem to be good candidates, because they are well devel-
(P-selectin blocker; P 0.01), but not by mAb ARE-5 (E-selec- oped in the outer medulla and localized at post-capillary
tin blocker) or rLECIg (rat L-selectin chimeric protein). In
sites [8].the in vivo transfer experiments with fluorescein-labeled p-Mø
The endothelial cells (ECs) of HEV in the peripheralinto rats 48 hours after UUO, labeled p-Mø had accumulated
around vasa recta at three minutes and had infiltrated predomi- lymph nodes express abundant carbohydrate ligands for
nantly into the outer medulla at 180 minutes. The number of L-selectin, such as glycosylation-dependent cell adhesion
labeled p-Mø was reduced when the rats were pretreated with molecule 1 (GlyCAM-1), CD34, MAdCAM-1 [9] and 2H5
ARP2-4 (P  0.01). Finally, ARP2-4 (10 mg/kg), injected 15
antigen [10]. HEVs are located at post-capillary vascularminutes before UUO, reduced the number of infiltrated Mø
sites where lymphocytes can attach to ECs by virtue of de-(P  0.01).
Conclusion. The results suggest that vasa recta, which express creased blood flow velocity. These characteristics facili-
P-selectin, contribute to massive infiltration of Mø into the inter- tate massive lymphocyte recruitment into the peripheral
stitium by functioning as specialized post-capillary venules. lymph nodes [5, 9]. Whether ECs of ascending vasa recta
share the functional features of lymph node HEV is not
known. Likewise, it is unknown whether the ECs of theKey words: Key words: tubulointerstitial nephritis, ureteral obstruc-
tion, high endothelial venule, adhesion molecule. vasa recta facilitate large-scale influx of leukocytes into
the interstitium. Therefore, we focused on the role ofReceived for publication May 9, 2001
vasa recta to determine whether they might functionand in revised form January 3, 2002
Accepted for publication February 22, 2002 as the specialized venules for leukocyte influx in the
tubulointerstitium in this model. 2002 by the International Society of Nephrology
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The enhanced expression of P-selectin was detected in versity, NY, USA), and was used as a marker of the
vascular endothelium.vasa recta in the kidneys of rats 24 hours after ureteral
Fluorescein isothiocyanate (FITC)-labeled rabbit anti-obstruction (UUO). In this model leukocyte infiltration
mouse IgM, rabbit anti-mouse IgG, goat anti-human IgG,is more intense in the medulla where vasa recta were well
goat anti-hamster IgG, rhodamine-labeled goat anti-rab-developed. The present work was designed to investigate
bit IgG and streptoavidin were purchased from Cappelthe role of selectins, especially P-selectin, in the infil-
Laboratories (Cochranville, PA, USA). Biotinylated goattration of Mø into the interstitium of kidneys from rats
anti-mouse IgM and avidin-biotinylated horseradish per-with UUO.
oxidase complex were purchased from Vector Labora-
tories Inc. (Burlingame, CA, USA). These reagents were
METHODS pre-absorbed with normal rat serum to avoid cross-reac-
Animals tion with rat immunoglobulins.
Female Wistar rats (Chubu Kagaku Shizai Co., Na-
goya, Japan), each weighing about 150 g, were used for
Unilateral ureteral obstruction
the study. They were allowed free access to food and
A total of 35 rats were included in this study. The ani-water throughout the experiments.
mals underwent complete UUO with a silk ligature un-
der ether anesthesia as previously described [18]. RatsAntibodies and reagents
were sacrificed and the kidneys were removed at 1, 6,Mouse mAbs against rat leukocyte common antigen
12, 24, 48 and 96 hours following the initial surgery.(LCA; clone MRC OX-1, mouse IgG1) and rat mono-
Contralateral unobstructed kidneys (CUK) or kidneyscytes/macrophages (clone ED1, mouse IgG1) were pur-
from sham-operated rats served as control tissues.chased from Serotec (Oxford, UK), and mouse mAbs
against rat pan T cells (clone R1-3B3, mouse IgG2a)
and rat pan B cells (clone RLN-9D3, MoIgG2a) were Intravenous injection of rabbit anti-rat platelet
purchased from Seikagaku Kogyo Co. (Tokyo, Japan). antiserum into rats with UUO
Hamster mAb against mouse platelets (clone 1C2),
To clarify the origin of P-selectin in rats with UUO,
which cross-reacts with rat platelets, was purchased from
platelet depletion was induced by a polyclonal rabbit anti-
Seikagaku Kogyo Co.
rat platelet antibody. Rabbit antiserum to rat platelet was
RP3 (mouse IgM), a specific mAb against rat neutro- prepared by methods described elsewhere [19]. This anti-
phils, was a gift from Professor F. Sendoh (Yamagata body prepared with heat decomplementation was admin-
University School of Medicine, Yamagata, Japan) [11]. istered at an IgG dose of 10 mg intravenously (IV).
ARP2-3 and ARP2-4 are mAbs of mouse IgG1 sub- The number of circulating platelets decreased to a level
class against rat P-selectin [12], and ARE-5 is a mAb of undetectable with a hemocytometer (Toa Medical Elec-
mouse IgM class against rat E-selectin that blocks the tronics Co., Kobe, Japan) over the course of three days
function of E-selectin [13]. ARP2-4 blocks the function after injection of antiserum (the platelet count in normal
of P-selectin. These mAbs were obtained from Dr. H. rats was (73.0  3.6)  104/mm3, and platelets were
Koike (Sumitomo Pharmaceutical, Osaka, Japan). Sub- undetectable in rats injected with rabbit anti-rat platelet
class-matched irrelevant mAb H38, which does not react antiserum). Several rats underwent UUO 24 hours after
with rat tissues, was used as the control mAb against injection with rabbit anti-rat platelet antiserum and were
ARP2-4. sacrificed 24 hours after UUO. Kidney specimens were
rLEC-Ig chimera [14] and mAb against rat ICAM-1 subjected to immunohistochemical analysis.
(clone 1A29, mouse IgG1) [15] were gifts from Dr. M.
Miyasaka (Osaka University School of Medicine, Su-
Histological and immunohistologicalita, Japan).
evaluation of UUO2H5, G152 and G27037 (mouse IgM) are mAbs against
sLex. 2H5 recognizes complex sLex-related epitopes ex- Each kidney specimen was divided into two parts. One
pressed in HEV of peripheral lymph nodes [10]. G152 part was fixed in 10% buffered formalin and embedded
and G27037 were obtained by immunization of the syn- in paraffin. Two-micrometer thick sections, stained with
thetic 6-sulfo sLex glycolipid (G152) and 6,6-bis-sulfo hematoxylin and eosin, or with periodic acid-Schiff (PAS),
sLex glycolipid (G27037), respectively. These mAbs (2H5, were studied by light microscopy. The other part of each
G152, and G27037) were reported to bind specifically specimen was quickly frozen in liquid nitrogen and cut
the L-selectin ligand on HEV in lymph nodes [10, 16]. with a cryostat. Two-micrometer-thick acetone-fixed fro-
IgG fraction of rabbit anti-rat thrombomodulin anti- zen sections were used for immunohistological evalua-
tion. For the evaluation of the phenotypes of cells infil-serum [17] was a gift from Dr. D. Stern (Columbia Uni-
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Fig. 1. Leukocyte common antigen (LCA)-positive cells infiltrated the
cortex and the medulla. Symbols indicate the number of cells per high-
Fig. 2. Phenotypes of infiltrated cells in the outer medulla. Macro-power field: () cortex; ( ) outer medulla; () inner medulla.
phages in the outer medulla constituted the predominant cell population
throughout the course of the experiment. Symbols are: ( ) macrophage;
( ) T cell; () neutrophil.
trated into the interstitium, sections were incubated with
PR3 (rat neutrophil), ED1 (rat monocyte-macrophage),
R1-3B3 (rat pan T cell) and RLN-9D3 (rat pan B cell) 2H5, G152 or G27037 followed by FITC-labeled second
followed by FITC-labeled second antibodies. To evalu- antibodies and were then incubated with rabbit anti-
ate the cellular infiltration into the tubulointerstitium, ran- serum to rat thrombomodulin followed by rhodamine-
domly selected kidney sections were divided into three labeled goat anti-rabbit IgG.
regions: cortex, outer medulla, and inner medulla. In each For immunoelectron microscopy, kidney specimens
subarea, the numbers of infiltrated cells of each pheno- were initially fixed in periodate-lysine-paraformalde-
type in 10 to 20 high-power fields were counted by two hyde (PLP) for four hours. For detection of rat P-selectin,
blinded observers; more than 50% of the cross-sectional 6-m-thick frozen sections were incubated first with
area of the kidney was studied. ARP2-3 overnight at 4C followed by horseradish perox-
For the staining of selectins, selectin ligands and inter- idase-labeled rabbit anti-mouse IgG for two hours at
cellular adhesion molecule-1 (ICAM-1) in the kidney, sec- room temperature. After fixation with 2.5% glutaralde-
tions were incubated with mAbs ARE-5, ARP2-4 and hyde for 30 minutes at 4C, sections were incubated with
1A29, respectively, followed by FITC-labeled second 0.025% diaminobenzidine (Sigma) in 0.05 mol/L Tris-
antibodies. For the staining of L-selectin ligands, sections HCl buffer, pH 7.6, and then with the same solution
were incubated with rLECIg (5 g/mL in PBS with 9 containing 0.005% H2O2 at room temperature. The sec-
mmol Ca2) for 30 minutes. After post-fixation with pure tions were post-fixed in osmium tetroxide, dehydrated
methanol for 15 minutes, sections were incubated with in alcohol, and embedded in Epon 812. Ultrathin sections
FITC-labeled goat anti-human IgG. Kidney sections also were studied with a JEOL 100CX electron microscope
were incubated with mAbs against sLex-related carbo- (JEOL, Tokyo, Japan).
hydrate determinants (2H5, G152, and G27037), fol-
Cell adhesion assay in vitrolowed by FITC-labeled rabbit anti-mouse IgM. For the
staining of P-selectin in the kidneys from rats treated To study the role of P-selectin selectively expressed
with ARP2-4, ARP2-3 was labeled with FITC accord- in vasa recta in Mø infiltration into the interstitium, the
ing a method described elsewhere [20]. All the sections Stamper-Woodruff assay was performed [22, 23]. Normal
were covered with 90% glycerol in phosphate buffered rat peritoneal Mø (p-Mø) were isolated according to
saline (PBS) containing p-phenylenediamine [21] and methods described elsewhere [24], and their concentra-
were observed with an Olympus BH2 epifluorescence tion was adjusted to 5  106 cells/mL in PBS. The purity
microscope. of isolated p-Mø was more than 90% when evaluated
For investigation of the precise localization of selectins by the reactivity of the isolated cells with ED1. The
and L-selectin ligands in normal and hydronephrotic kid- viability of the cells was more than 98% as assessed by
trypan blue dye exclusion test.neys, the sections were incubated with rLECIg, ARP2-3,
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Fig. 3. Immunofluorescence micrographs show-
ing P-selectin expression. In normal rat kidney,
P-selectin is weakly expressed in glomeruli (a),
and in the artery and in vasa recta of the outer
medulla (b), but it is not expressed in the inner
medulla (c). In rats with UUO, an increase of
P-selectin is found in vasa recta in the outer
medulla (e) and inner medulla ( f ) 24 h after
UUO. In contrast, the glomerular expression
of P-selectin is not increased (d) (a–f 200).
Fig. 4. Double immunofluorescence staining
for P-selectin (a) and for thrombomodulin (b)
24 hours after unilateral ureteral obstruction
(UUO). P-selectin colocalizes with thrombo-
modulin in vasa recta, as indicated by the ar-
rows. P-selectin expression in vasa recta is ob-
served in hydronephrotic kidneys of rats in
which platelets were depleted by IV injection of
rabbit anti-rat platelet antibodies (c). ICAM-1
is expressed in glomeruli, PTC and vasa recta
in normal rats. The expression of ICAM-1 in
vasa recta was markedly enhanced as early as
one hour after UUO and persisted for 72 hours
(d). P-selectin expression in vasa recta was sig-
nificantly reduced in rat kidney treated with
ARP2-4 (e) (a–e 400).
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ber of attached p-Mø on the sections from CUK also
was calculated as described above to assess nonspecific
bindings. Specific binding was defined as the total binding
on the UUO kidney sections minus binding on the sec-
tions from CUK. The effect of each treatment on Mø
adhesion was assessed by the following formula: (A/B)
100 (%), where A is the number of Mø per unit area of
vasa recta found in the blocking experiment and B is
the number of Mø per unit area of vasa recta found in
the unblocked control.
In vivo Mø infiltration assay
Isolated rat p-Mø were labeled with FITC, according
to methods described elsewhere [24]. In brief, rat p-Mø
(2  107 cells/mL in PBS) were centrifuged at 1000  g
for 10 minutes. The cell pellet was incubated with PKH2
staining solution (Dainippon Pharmaceutical, Osaka, Ja-
pan) for five minutes at room temperature. The reaction
was terminated by adding 4 mL of RPMI 1640 supple-
mented with 10% fetal bovine serum (FBS; Life Technol-
ogies, Grand Island, NY, USA). After several washings
in RPMI 1640, the cells were resuspended in sterile sa-
line. The viability of FITC-labeled p-Mø was more than
98% after labeling.
In the preliminary study, 1  104, 1  105, 1  106, or
5  106 labeled cells in 0.5 mL of saline were transferred
IV into rats 48 hours after UUO. Rats were killed 3 min-
utes, 30 minutes, and one hour after Mø transfer, and
6-m-thick frozen sections of kidney were prepared. TheFig. 5. Immunoelectron micrograph showing the results of an experi-
ment designed to localize P-selectin in the outer medulla of the kidneys number of infiltrated labeled cells was most increased
with UUO. The reaction product is localized diffusely at the endothelial when 1  106 or 5  106 labeled Mø were transferred.
surfaces of vasa recta (a). Clusters of P-selectin are also detected on
To assess the role of P-selectin in this model, mAbthe endothelial surfaces (b; arrows). The asterisks indicate the lumina
of the venules (a 5,000; b 12,000). ARP2-4 (P-selectin blocker; 1.5 mg) or mAb H38 (con-
trol antibody; 1.5 mg) was injected IV 15 minutes before
the ureteral ligation. The labeled p-Mø (1  106 cells in
0.5 mL of saline) were transferred into rats 48 hoursFrozen sections cut at 10-m thickness were prepared
after UUO, and rats were sacrificed 3 and 180 minutesfrom those kidneys 24 hours after UUO that were con-
after the transfer. Each group consisted of 10 rats. Thefirmed to induce expression of P-selectin strongly in vasa
kidney sections were examined by immunohistologicalrecta or from CUK. Kidney sections were pretreated with
methods as described above.either ARP2-4 (1, 10 and 100 g/mL), ARE-5 (100 g/
mL), rLEC-Ig (100 g/mL) or H38 (100 g/mL) for 30 In vivo blocking experiments with mAb ARP2-4
minutes at room temperature. After several washings in
To clarify the involvement of P-selectin in the intersti-RPMI 1640, the sections were overlaid with normal rat
tial infiltration of Mø in this model, mAb ARP2-4p-Mø in 100 L of RPMI 1640 for 30 minutes at 4C
(Group I, P-selectin blocker, 2.5 mg/kg in 1 mL of saline)with continuous rotation (60 rpm). All of the sections
or mAb H38 (Group II, control mAb, 2.5 mg/kg in 1 mLwere gently washed with cold PBS, fixed with 3% gluta-
of saline) was injected IV 15 minutes before the ureteralraldehyde at 4C for 20 minutes, and stained with 0.5%
ligation. Rats (N  18 for each group) were killed at 12toluidine blue in 20% ethanol. The number of p-Mø at-
hours after UUO. The kidney sections were examinedtached to the vasa recta was counted by an observer who
by histologic and immunohistologic methods. Bloodwas blinded to their origin, and the number of attached
samples were obtained from each rat for the measure-p-Mø per unit area of vasa recta was calculated. In each
ment of peripheral blood leukocyte count.experiment, a control experiment was performed using
The dose of mAb ARP2-4 employed in this modelserial kidney sections. In the controls, the diseased kid-
ney sections were not pretreated with mAbs. The num- was derived from an experiment on rat myocardial isch-
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Fig. 6. Results obtained in sections of a normal rat kidney or kidneys from rats with UUO. The sections were incubated with rLECIg or mAbs
2H5, G152 and subsequently stained with FITC-labeled second antibodies. In normal rat kidney, intense binding of rLECIg is seen in the distal
tubules of the outer medulla, whereas only minimal binding is seen in the inner medulla (a). Twenty-four hours after UUO, rLECIg is localized
as a fine granular deposit in the tubular cytoplasm and is redistributed along the tubular basement membrane (b). A complex sLex epitope defined
by mAb 2H5 (c) and 6-sulfo sLex or 6,6-bis-sulfo sLex defined by mAbs G152 (d) was not found in PTC or vasa recta. The asterisks indicate the
position of vasa recta (a, 200; b, c, and d, 400).
Table 1. Endothelial expression of selectins and L-selectin ligand in rat kidney with UUO
P-selectin E-selectin rLEDIg
0h 1h 12h 24h 72h 0h 1h 12h 24h 72h 0h 1h 12h 24h 72h
Cortex
GI      	 	 	 	 	 	 	 	 	 	
PTC 	     	 	 	 	 	 	 	 	 	 	
Artery      	 	 	 	 	 	 	 	 	 	
Vein 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	
Outer medulla
PTC 	     	 	 	 	 	 	 	 	 	 	
VR      	 	 	 	 	 	 	 	 	 	
Inner medulla
PTC 	     	 	 	 	 	 	 	 	 	 	
VR      	 	 	 	 	 	 	 	 	 	
Abbreviations are: G, glomerulus; PTC, peritubular capillary; VR, vasa recta. The immunofluorescence staining of selectins and L-selectin ligand in the endothelium
was graded according to amount and extent as follows: (	) negative; () weak; () moderate; () strong. Only P-selectin is expressed in the kidneys of rats with
UUO, and the expression is especially strong in the vasa recta of the outer medulla. L-selectin ligand and E-selectin are not expressed in the renal endothelia of
rats with UUO.
emia and reperfusion injury, in which mAb ARP2-4 at mine the significance of differences among groups. When
statistical difference was detected by ANOVA, further1 mg/kg was found to prevent the reperfusion injury [12].
analysis was performed using Fisher PLSD-test to deter-
Statistical analysis mine the difference between any pair of groups. Signifi-
cant difference was defined as a P value of less than 5%All data were expressed as the mean  SE. Single
factor analysis of variance (ANOVA) was used to deter- (P  0.05).
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Fig. 7. Monoclonal antibody ARP2-4 (a mAb blocking rat P-selectin) inhibits the adhesion of p-Mø to vasa recta in kidney sections obtained
from rats 24 hours after UUO. Sections from normal rats (a) and from rats with UUO (b) were pretreated with the control antibody H38. When
the isolated rat p-Mø were overlaid on the kidney sections obtained from rats with UUO 24 h after ureteral obstruction, p-Mø selectively bound
to vasa recta but not to other structures such as the tubules or interstitium (b). Note the significant reduction in the number of adhered p-Mø at
vasa recta when kidney sections from the rats with UUO were pretreated with mAb ARP2-4 (c). The asterisks indicate the position of vasa recta.
RESULTS
Phenotypes of leukocytes infiltrated into the
interstitium after UUO
The number of cells with each phenotype infiltrated
into the tubulointerstitium per high-power field was
counted. The results are shown in Figures 1 and 2.
The density of LCA-positive cells in the interstitium
was significantly higher in the outer medulla than in the
cortex or in the inner medulla (Fig. 1). Macrophages in
the outer medulla appeared to constitute the predomi-
nant cell population throughout the experiments, and
their number progressively increased. Few T lympho-
cytes and neutrophils were found, but B lymphocytes
were not seen in the kidneys with UUO (Fig. 2). Macro-
phages were also the main phenotype among the cells
infiltrated into the tubulointerstitium in the cortex and
inner medulla.

Fig. 8. Adhesion of the p-Mø to kidney sections from rats sacrificed
24 hours after UUO. The inhibitory effect of mAbs or rLECIg on Mø
adhesion is measured using the formula, (A/B)  100 (%), where A is
the number of Mø per unit area of vasa recta found in the blocking ex-
periment, and B is the number of Mø per unit area of vasa recta found
in the unblocked control. Kidney sections were pretreated with mAbs
and rLECIg. Note that more than 68% inhibition of Mø adhesion is
achieved by pretreatment with mAb ARP2-4 (100 g/mL; P-selectin
blocker). In contrast, neither mAb ARE-5 (E-selectin blocker) nor
rLECIg show an effect. *Significantly different (P  0.01) from the
control value.
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Expression of selectins, selectin ligand and ICAM-1 in
normal rat kidneys and kidneys of rats with UUO
In normal rat kidneys or in CUK from rats with UUO,
very weak staining for P-selectin was detected in glomer-
uli and in the arterial walls and in vasa recta of the
medulla (Fig. 3 a–c). In contrast, rats with UUO showed
significantly increased expression of P-selectin on the
endothelium of vasa recta in the outer and inner medulla
and to a lesser extent in peritubular capillaries (PTC;
Fig. 3 e, f). The significant expression of P-selectin in vasa
recta was confirmed as early as one hour after UUO,
increased over time and persisted for 72 hours. Studies
using double immunofluorescence staining revealed that
P-selectin was completely colocalized with thrombo-
modulin in vasa recta (Fig. 4 a, b). In contrast, platelet
deposition was not detected in vasa recta when kidney
sections were stained with mAb 1C2, which cross-reacts
with rat platelets (data not shown). The significant P-selec-
tin expression in vasa recta was detected even in hydro-
nephrotic kidneys 24 hours after UUO in rats with plate-
let depletion by IV injection of rabbit anti-rat platelet
antibodies (Fig. 4c). In contrast, P-selectin expression in
vasa recta was significantly reduced in rat kidneys treated
with ARP2-4 (Fig. 4e).
Immunoelectron microscopy revealed that P-selectin
was distributed diffusely on the surfaces of the endothe-
lia in vasa recta and that in some cases clusters of P-selec-
tin also formed on the endothelial surfaces (Fig. 5).
Fig. 9. Infiltration of FITC-labeled p-Mø into rat kidneys with UUOrLECIg reacted intensely with the cytoplasm of distal
3 minutes after transfer of the labeled cells (a). The kidney sectionstubules in normal rat kidneys (Fig. 6a). In contrast, glo-
were stained for thrombomodulin as a vascular marker (b). Three
meruli, PTC and vasa recta were negative for rLECIg. minutes after transfer, the labeled p-Mø accumulated predominantly
around vasa recta in the outer medulla (a; arrows). The asterisks indicateThese findings are comparable to those described in pre-
the position of vasa recta (VB, vascular bundle of vasa recta).vious studies [14]. A complex sLex epitope defined by
mAb 2H5, which functions as the putative ligand for
L-selectin in HEV of lymph nodes [10, 16] or in rat der-
matitis [22], was localized mainly in glomerular epithelial in glomeruli, PTC and vasa recta in normal rats. After
cells and brush borders of proximal tubules, but it was UUO, the expression of ICAM-1 in vasa recta was mark-
not found in PTC or vasa recta (Fig. 6c). The epitopes of edly enhanced as early as one hour and persisted for 72
6-sulfo sLex or 6,6-bis-sulfo sLex, which were defined by hours (Fig. 4d).
mAbs G152 (Fig. 6d) and G27037, were also undetect-
Stamper-Woodruff assayable in PTC or vasa recta. After UUO there was a strik-
ing redistribution of L-selectin ligands. Twenty-four hours Significant bindings of p-Mø were not found in normal
after UUO, rLECIg was found as fine granular deposits rat kidney sections (Fig. 7a). In contrast, when the iso-
in the tubules, or redistributed at the apical parts of lated rat p-Mø were overlaid on the kidney sections
the tubular epithelial cells. The most prominent redistri- obtained from rats with UUO 24 hours after ureteral
bution was seen in the outer medulla. rLECIg formed obstruction, p-Mø selectively bound to vasa recta but not
large aggregates in the tubules, and disseminated depos- to other structures such as the tubules or interstitium
its of rLECIg were found in the interstitium at 72 hours (Fig. 7b). When kidney sections obtained from the rats
(Fig. 6b). However, rLECIg was not detected in the en- with UUO were pretreated with mAb ARP2-4 (a block-
dothelium of PTC or vasa recta throughout the experi- ing mAb against rat P-selectin), a significant reduction
ments. E-selectin was not detectable in the kidneys with in the number of adhered p-Mø at the vasa recta was
UUO throughout the experiment or in normal rat kid- observed (Fig. 7c). The effect of mAb ARP2-4 was dose-
ney. These results are summarized in Table 1. dependent, and when kidney sections were treated with
ARP2-4 at the concentration of 100 g/mL, p-Mø ad-Intercellular cell adhesion molecule-1 was expressed
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Fig. 10. FITC-labeled rat p-Mø infiltration assay in rats with UUO. Labeled p-Mø infiltrated predominantly into the outer medulla at 3 (A) and
180 minutes (B). ARP2-4 (P-selectin blocking mAb) significantly inhibits cell infiltration in the outer medulla at 3 and 180 minutes. *Significantly
different at P  0.01. Symbols are: ( ) cortex; ( ) outer medulla; ( ) inner medulla.
hesion was inhibited to 32% (Fig. 8). In contrast, treat-
ment of the sections with the same concentration of
mAb ARE-5 (a blocking mAb against rat E-selectin) or
rLECIg (rat L-selectin chimeric protein) did not alter
the adhesion of p-Mø (Fig. 8).
In vivo Mø infiltration assay
FITC-labeled p-Mø were infused into rats 48 hours
after UUO, and rats were sacrificed 3 and 180 minutes
after infusion of the labeled p-Mø. Three minutes after
infusion, the fluoresceinated p-Mø predominantly infil-
trated around vasa recta in the outer medulla (Fig. 9a,
arrows). The number of infiltrated labeled cells in the
outer medulla was significantly greater than those in the
cortex and in the inner medulla (Fig. 10A). When rats Fig. 11. Infiltration of Mø into the outer medulla 12 hours after UUO.
Interstitial infiltration of Mø is markedly inhibited by injection of mAbwere pretreated with ARP2-4 15 minutes before UUO,
ARP 2-4 at a dose of 2.5 mg/kg (Group II) (b) when compared withthe number of labeled cells infiltrated into the outer me-
that in a control rat (Group I) (a).
dulla was significantly decreased (P  0.01; Fig. 10A).
Although labeled p-Mø showed diffuse infiltration
into the tubulointerstitium 180 minutes after the transfer,
the labeled cells were still distributed mainly in the outer 12 hours (Fig. 11a). In rats in Group II, injection of
medulla. The number of labeled cells in the outer me- ARP2-4 at a dose of 2.5 mg/kg significantly inhibited
dulla at 180 minutes was also significantly decreased in Mø infiltration in each subarea (Figs. 11b and 12). The
rats pretreated with ARP2-4 (P  0.01; Fig. 10B). number of peripheral blood leukocytes and platelets was
not altered significantly after IV injection of ARP2-4.
Effects of mAb ARP2-4 on Mø infiltration in rats
with UUO
DISCUSSIONIn rats in Group I, accumulation of extravasated Mø
The results demonstrate that in the early phase ofwas observed predominantly in the outer medulla and
to a lesser degree in the cortex or the inner medulla at UUO, ECs of vasa recta expressed P-selectin and sup-
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circulating monocytes play a central role in glomerular
and tubulointerstitial injuries [1, 4, 26, 27]. Circulating
monocytes seem to be the main source of Mø infiltrated
into the interstitium, but local Mø proliferation also con-
tributes to glomerular and tubulointerstitial injuries in
rat anti-glomerular basement membrane (anti-GBM)
glomerulonephritis [28].
Among the leukocytes that infiltrate into the intersti-
tium, Mø are able to stay in the interstitium for more than
one or two months and may proliferate in the interstitium
after migration. The activated Mø might participate in
the response to chronic tubulointerstitial injuries as well
as in acute injuries by releasing several cytokines and
growth factors, such as interleukin (IL)-1
, IL-6, tumor
necrosis factor- (TNF-) and transforming growth fac-
tor-
 (TGF-
) [1, 2].
Macrophages express a number of adhesion molecules
on the surfaces of their cell membranes such as L-selectin
and the carbohydrate ligands for P- and E-selectins.
Fig. 12. Treatment with mAb ARP2-4 suppresses Mø infiltration into P-selectin glycoprotein ligand-1 (PSGL-1), the carbohy-the interstitium of rat kidney with UUO. In rats in Group I, accumula-
drate ligand for P-selectin and for L- and E-selectins, istion of extravasated Mø is observed predominantly in the outer medulla
and to a lesser degree in the cortex or in the inner medulla at 12 hours. expressed on hematopoietic cells including monocytes
In rats in Group II, injection of mAb ARP2-4 at a dose of 2.5 mg/kg [29–31].significantly inhibits Mø infiltration in each area. Symbols are: ( )
The inflammatory cytokines such as IL-1 and TNF-ARP2-4; ( ) control; *P  0.01 and #P  0.05.
induce mRNA and protein expression of P- and E-selec-
tins [9]. In contrast, several agonists such as complement
fragments or thrombin preferentially induce rapid ex-
ported Mø migration into the interstitium. The Mø adhe- pression of P-selectin at the cell surface of ECs. The
sion to vasa recta was inhibited by treating the endothe- selective expression of P-selectin was detected in vasa
lium with function-blocking anti–P-selectin mAb. The in recta in rats with UUO, suggesting that local activation
vivo transfer experiments with FITC-labeled p-Mø and of complement or thrombin might occur in the early
in vivo blocking experiments demonstrated that the mi- phase of UUO followed by the induction of P-selectin
gration of Mø also was significantly inhibited by anti– in vasa recta. Similar observations have been reported
P-selectin mAb. In contrast, L-selectin ligand including previously. Acute activation of complement system pref-
6-sulfo sLex or 6,6-bis-sulfo sLex epitopes or E-selectin erentially induced P-selectin [32] in the alveolar capillar-
was not detected in the endothelia of vasa recta in rats ies. In contrast, the immune complexes induced E-selec-
with UUO. All this points to the crucial role of P-selectin tin in rat model of lung injury [33].
for the interstitial migration of Mø through vasa recta, Concerning the structural characterization of L-selec-
which function as specialized vessels such as HEV-like tin ligands, it was clearly shown that 6-sulfo sLex was
venules during ureteral obstruction. the major carbohydrate capping group of the L-selectin
Since the enhanced expression of P-selectin and ligand on HEV in human lymph nodes [16, 34, 35]. These
ICAM-1 was detected in vasa recta, P-selectin dependent studies indicate that the crucial enzymes for the synthesis
Mø rolling followed by sequential firm adhesion might of L-selectin ligands might be 1-3 fucosyltransferase
occur more effectively in vasa recta than other vessels. VII and GlcNAc 6-sulfotransferases.
Platelet deposition defined by mAb 1C2 was not found It was reported that PTC in rat renal allograft rejection
in vasa recta. However, the significant P-selectin expres- [36] or the capillaries in the transplanted human hearts
sion was detected even in hydronephrotic rat kidneys [37] expressed HEV marker (HECA-79-positive endo-
with platelet depletion produced by IV injection of rabbit thelium) and that these capillaries facilitate the infiltra-
anti-rat platelet antibodies (Fig. 4c), suggesting that tion of lymphocytes. In the process of de novo induction
P-selectin was mainly derived from the endothelial cells. of L-selectin ligands in these transplant organs, it was
According to a recent multifactorial study, influx of confirmed that several enzymes such as 1-3 fucosyl-
Mø is one of the significant factors involved in the initia- transferase VII and GlcNAc 6-sulfotransferases were ex-
tion and the progression of tubulointerstitial injuries as pressed in the endothelium of the rejected organs. The
well as glomerular injuries [25]. A number of observa- lack of expression of L-selectin ligand, which is defined
by mAbs 2H5, G153 and G27037 in the endothelia intions suggest that monocytes/macrophages derived from
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